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Spatially indirect excitons in a coupled quantum well structure were studied by means of polar-
ization and time resolved photoluminescence. A strong degree of circular polarization (> 50%) in
emission was achieved when the excitation energy was tuned into resonance with the direct exciton
state. The indirect transition remained polarized several tens of nanoseconds after the pumping
laser pulse, demonstrating directly a very long relaxation time of exciton spin. The observed spin
memory effect exceeds the radiative lifetime of the indirect excitons.
PACS numbers: 78.47.jd, 78.67.De
Semiconductor heterostructures with tunable spatial
separation of electrons and holes attract a great atten-
tion for their possible applications in optoelectronic de-
vices [1–4]. While the storage of excitons for several
microseconds has been experimentally evidenced [1, 5–
8], it is still an open question how to exploit the spin
of indirect excitons for information storage. Recent ex-
periments performed on coupled quantum wells (CQWs)
reported exciton spin transport in the range of microme-
ters, suggesting indirectly a long exciton spin relaxation
time of nanoseconds [9]. These results suggest that a lo-
cal probe can overcome the spin relaxation caused by the
spin propagation dynamics. Here, we exploit a confocal
optical scheme in order to study the spin dynamics of in-
direct excitons at the location of their excitation. Hereby,
we resolve the spin memory of indirect excitons in cou-
pled quantum wells via time- and polarization-resolved
PL studies after resonant and non-resonant excitation of
the direct and indirect exciton states. We observe that
under conditions of resonant excitation a highly efficient
initialization of exciton spin takes place. The PL remains
strongly circularly polarized long after the laser pulse and
nearly constant during the lifetime of excitons. Our re-
sults directly confirm a long spin relaxation time of > 80
nanoseconds for indirect excitons. This time scale is an
order of magnitude longer than the one obtained by read-
out schemes with a larger focus spot [10].
The studied heterostructure consists of two 8-nm wide
GaAs/AlGaAs coupled quantum wells separated by a 4-
nm Al0.3Ga0.7As barrier and it was fabricated as a field-
effect device [11–13]. The shape of the confining potential
is controllably adjusted by the bias (Vg) applied between
a semitransparent metal gate and a deep ohmic contact,
allowing the direct manipulation of the exciton lifetime
via a modified electron-hole separation (Fig. 1 (a)). The
PL excitation and collection are performed through the
semitransparent part of the top Schottky gate using a
confocal microscope based on a short focal length as-
pheric lens. The luminescence is dispersed by a 0.5 m
double monochromator and detected with an intensified
charge coupled device (ICCD) detector. The configu-
ration of the setup allows us to perform measurements
under identical (”co”) and orthogonal (”cross”) polariza-
tions of excitation and detection. The resulting extinc-
tion ratio is below 0.0015 for the two opposing circular
polarizations. All measurements are performed at 4.2 K.
In order to precisely define the initial spin polarization
of excitons we optimize the process of resonant excita-
tion. In CQWs the bright excitons form a two level sys-
tem and the eigenstates | ± 1〉 are coupled to circularly
polarized photons (see scheme in Fig. 1(b)). As a strictly
resonant excitation and PL measurements are rather in-
compatible, we take advantage of the quasi-resonant ex-
citation into spatially direct exciton states, which has
proven to be very efficient in similar structures [9]. Such a
quasi-resonant and circularly polarized excitation should
provide an efficient transfer of light polarization into ex-
citon spin polarization. The two quantum wells in the
heterostructure are identical. Therefore a quasi resonant
excitation results in pumping simultaneously the direct
transitions in both wells. Since the direct PL recombi-
nation lifetime is typically 1 ns [14], the conversion of
direct into indirect states is likely related with a fast car-
rier tunneling between the wells, which is of the order
of tens of picoseconds (estimated from WKB approxima-
tion [15]). Then, the exciton recombination transforms
the spin polarization of the tunneled charged carriers into
the polarization of the emitted photon. Thus, the opti-
cal polarization of the indirect excitons provides a direct
and very sensitive tool to study spin memory effect in
coupled quantum wells (Fig. 1(b)).
First we employ a 1.823 eV (680 nm) laser diode to ex-
2amine a non-resonant excitation. The scheme is used to
measure the PL of the direct excitons and to determine
the optimal excitation conditions for indirect emission
(black line in Fig. 1 (c)). Then, the PL from indirect ex-
citons is measured for different voltages and under ”co”
and ”cross” configurations of the circular polarization in
the excitation and the detection paths. First a contin-
ues wave laser diode is used in the experiment. Tun-
ing systematically the laser diode energy in the range
1.57 − 1.59 eV (780 − 790 nm) enables us to drive the
excitation through the direct excitonic states. We mea-
sure the degree of circular polarization of indirect exci-
tons Pcirc =
Ico−Icross
Ico+Icross
as a normalized difference between
PL intensities Ico and Icross in ”co” and ”cross” config-
urations, respectively. Figure 1(c) shows the two spec-
tra of indirect excitons taken in ”co” and ”cross” polar-
ization configurations under strictly resonant excitation
(1.58 eV) into the direct excitons. The right hand side
of the figure illustrates the degree of circular polariza-
tion for indirect excitons as a function of excitation laser
energy. For non-resonant excitation at 1.82 eV no sig-
nificant polarization of indirect excitons PL is measured,
whereas a clear enhancement of the circular polarization
is observed for a quasi-resonant excitation of the direct
excitonic states. The maximum value of Pcirc is about
55 % for the excitation at 1.58 eV. Such efficient polariza-
tion conservation suggests a long relaxation time of the
exciton spin, which exceeds the radiative recombination
time.
The PL circular polarization can be written as [16, 17]:
Pcirc =
τs
τs + τr
P 0circ (1)
where τs (τr) is the spin relaxation time (radiative life-
time) of excitons and P 0circ is the effective initial cir-
cular polarization determined by the laser polarization
and losses during the formation of an indirect exci-
ton. Hereby, we estimate that the spin relaxation under
strictly resonant excitation is at least 1.2 times longer
than the exciton lifetime, when neglecting any polariza-
tion loss in the excitation process P 0circ = 1. The radia-
tive lifetime for indirect excitons reaches several tens of
nanoseconds, thus the spin relaxation time must be even
longer.
To confirm straightforwardly this hypothesis we ap-
ply a pulsed excitation at 1.577 eV and ”co” and ”cross”
polarized photoluminescence spectra are recorded for dif-
ferent delays after the 400 ns long laser pulse [18]. Fig-
ure 2(a)-(c) presents the time evolution of the PL after
the laser pulse (filled circles), measured for different gate
voltages. The emission decay rate, obtained from the ex-
ponential fit [18], shows its increase with applied electric
field [19] as pictured in Fig. 2(d). The obtained circu-
lar polarization degree Pcirc is plotted up to delay times
comparable with radiative decay time in Figure 2(a)-(c).
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FIG. 1: (Color online) (a) Scheme of GaAs CQW under ap-
plied electric field showing formation of direct (D) and indi-
rect (I ) excitons. (b) Diagram of resonant polarized excita-
tion in direct excitonic states and emission from two optically
active indirect states. (c) Left scale: PL spectra for direct
excitons (D, solid black line) under non-resonant excitation
and for indirect excitons (I ) under resonant 1.58 eV excita-
tion, polarization resolved in ”co” (dashed blue) and ”cross”
(dotted red) configurations. Right scale: degree of circular
polarization for indirect excitons vs. excitation laser energy
(open circles). The gray arrows indicate the point obtained
from the spectra shown in the left part of the figure.
The degree of circular polarization for the indirect exci-
ton emission remains constant several tens of nanosecond
after the laser pulse. For an applied bias of −0.1V V the
radiative lifetime is measured to be as long as 83 ns and
PL polarization is constantly ∼ 35 % during this period
(see Figure 2(c)).
Generally, the spin polarization of excitons is main-
tained only for very short times in a single quantum
well. The spin relaxation is dominated by dephasing
phenomena which results from carriers exchange interac-
tion [20–22]. The large electron-hole separation in CQWs
suppresses this interaction and enables a long relaxation
time for excitonic spin. We note that τs in CQW ob-
tained from our studies exceeds few times the one esti-
mated from the other experiments [9, 10]. This differ-
ence might come from the different applied experimental
methods. In Ref. [10] only very short < 1 ns relaxation
times were measured, but the authors noted that high-
energy part of the spectrum conserved the exciton spin
for much longer time scales (few ns) than the lower en-
ergy tail. As their signal was investigated only in the
time domain, but without confocal scheme, it averaged
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FIG. 2: (Color online) (a)-(c) For 3 different applied biases
under 1.577 eV excitation: left scale – PL decay vs. delay
time after the excitation pulse (filled circles – experimental
data, line – exponential fit), right scale – circular polarization
degree (open circles). Vertical dashed lines mark zero delay
and the one corresponding to the PL decay time, respectively.
(d) Dependence of transition energy on applied bias (black
triangles – experimental data, line – linear fit of the Stark
shift), and of PL decay time (opened blue squares).
over big area of drifting excitons. The authors of Ref. [9]
studied PL in spatial domain and they used the exciton
diffusion to estimate τs from the PL polarization in con-
tinuous wave experiment. Their indirect method gave
τs ∼ 10 ns. Our technique allowes to directly measure
the time evolution of the spin polarization. In our con-
focal microscope the emission and collection aperture is
limited to ∼ 1µm. Hence, we would like to emphasize
that only excitons created at the excitation spot are in-
vestigated in our experiment. Likely the losses of the spin
polarization during the exciton drift induced the reduc-
tion of τs in Refs. [9, 10] in comparison to our results.
To conclude, the polarization and time resolved PL of
the indirect emission from coupled GaAs/AlGaAs quan-
tum wells is investigated. Quasi-resonant excitation is
successfully employed to initialize the exciton spin popu-
lation via the direct excitons and a subsequent spin trans-
fer and spin storage into indirect excitons. Our findings
from continuous and time-resolved experiments directly
demonstrate a long spin relaxation time of indirect exci-
tons in CQWs exceeding 80 nanoseconds.
The authors gratefully acknowledge helpful discussions
with A. O. Govorov. One of us (K. K.-S.) is sup-
ported by the Alexander von Humboldt Foundation.
We acknowledge financial support by the Center for
NanoScience (CeNS), the Nanosystems Initiative Munich
(NIM), LMUexcellent, the DFG Project KO 416/17 and
HO 3324/4.
∗ Corresponding author: k.kowalik@physik.uni-muenchen.de
[1] J. Krauß, J. P. Kotthaus, A. Wixforth, M. Hanson, D. C.
Driscoll, A. C. Gossard, D. Schuh, and M. Bichler, Appl.
Phys. Lett. 85, 5830 (2004).
[2] A. A. High, E. E. Novitskaya, L. V. Butov, M. Hanson,
and A. C. Gossard, Science 321, 229 (2008).
[3] A. A. High, A. T. Hammack, L. V. Butov, M. Hanson,
and A. C. Gossard, Opt. Lett. 32, 2466 (2007).
[4] D. W. Snoke, Photonics Spectra 40, 108 (2006).
[5] C. Rocke, S. Zimmermann, A. Wixforth, J. P. Kotthaus,
G. Bo¨hm, and G. Weimann, Phys. Rev. Lett. 78, 033319
(1997).
[6] S. Zimmermann, A. Wixforth, J. P. Kotthaus,
W. Wegscheider, and M. Bichler, Science 283, 1292
(1999).
[7] T. Lundstrom, W. Schoenfeld, H. Lee, and P. M. Petroff,
Science 286, 2312 (1999).
[8] A. G. Winbow, L. V. Butov, and A. C. Gossard, Journ.
Appl. Phys. 104, 063515 (2008).
[9] J. R. Leonard, Y. Y. Kuznetsova, S. Yang, L. V. Butov,
T. Ostatnicky´, A. Kavokin, and A. C. Gossard, Nano
Letters 9, 4204 (2009).
[10] A. V. Larionov, V. E. Bisti, M. Bayer, J. Hvam, and
K. Soerensen, Phys. Rev. B 73, 235329 (2006).
[11] A. Ga¨rtner, A. W. Holleitner, J. P. Kotthaus, and
D. Schuh, Appl. Phys. Lett. 89, 052108 (2006).
[12] A. Ga¨rtner, L. Prechtel, D. Schuh, A. W. Holleitner, and
J. P. Kotthaus, Phys. Rev. B 76, 085304 (2007).
[13] X. P. Vo¨gele, D. Schuh, W. Wegscheider, J. P. Kotthaus,
and A. W. Holleitner, Phys. Rev. Lett. 103, 126402
(2009).
[14] J. Feldmann, G. Peter, E. O. Go¨bel, P. Dawson,
K. Moore, C. Foxon, and R. J. Elliott, Phys. Rev. Lett.
59, 2337 (1987).
[15] τ−1 =
√
E
2mqaq
exp[−
√
8mb
h¯
∫ ab
0
√
V (x)−Edx], where
mq,b – the carrier effective masses in quantum well and
barrier materials, aq,b – QW and barrier thicknesses, E –
energy of the lowest level in QW, V – barrier height modi-
fied by the electric field. See also e.g. M. G. W. Alexander
et al., Appl. Phys. Lett. 55, 885 (1989); D. Y. Oberli et
al., Phys. Rev. B 40, 3028 (1989).
[16] R. I. Dzhioev, H. M. Gibbs, E. L. Ivchenko, G. Khitrova,
V. L. Korenev, M. N. Tkachuk, and B. P. Zakharchenya,
Phys. Rev. B 56, 13405 (1997).
[17] F. Meier and B. Zakharchenya, Optical Orientation,
vol. 8 of Modern Problem in Condensed Matter Sciences
(North-Holland, Amsterdam, 1984).
[18] The generated laser pulses have rectangular shape with
fall and rise times of ∼ 1 ns. The ”zero” of the time
scale is defined by the end of the laser pulse. Negative
values correspond to the measurements taken under laser
illumination. For the estimation of the decay time we take
only experimental points recorded after the laser pulse.
[19] A. Alexandrou, J. A. Kash, E. E. Mendez, M. Zachau,
J. M. Hong, T. Fukuzawa, and Y. Hase, Phys. Rev. B
42, 9225 (1990).
[20] M. Z. Maialle, E. A. de Andrada e Silva, and L. J. Sham,
Phys. Rev. B 47, 15776 (1993).
[21] A. Vinattieri, J. Shah, T. C. Damen, D. S. Kim, L. N.
Pfeiffer, M. Z. Maialle, and L. J. Sham, Phys. Rev. B 50,
410868 (1994).
[22] J. Urdanivia, F. Iikawa, M. Z. Maialle, J. A. Brum,
P. Hawrylak, and Z. Wasilewski, Phys. Rev. B 65, 115336
(2002).
